The aim of this study is to characterize the surface topography of aluminum nitride (AlN) epilayers prepared by magnetron sputtering using the surface statistical parameters, according to ISO 25178-2:2012. To understand the effect of temperature on the epilayer structure, the surface topography was investigated through atomic force microscopy (AFM). AFM data and analysis of surface statistical parameters indicated the dependence of morphology of the epilayers on their growth conditions. The surface statistical parameters provide important information about surface texture and are useful for manufacturers in developing AlN thin films with improved surface characteristics. These results are also important for understanding the nanoscale phenomena at the contacts between rough surfaces, such as the area of contact, the interfacial separation, and the adhesive and frictional properties.
Introduction
As opposed to bulk material thin layers properties strongly depend on the surface condition. Morphological features and associated with them statistical parameters (volume and spatial) define surface profile of films topography and characterize their quality. Micro-and nano-asperities evaluation is important in heterostructures preparation. Topography of the films also influences the surface of the deposited thin contact layers.
Aluminum nitride is an A 3 B 5 group wide band gap (6.3 eV) semiconductor [1] with a wurtzite crystal structure. Its experimental crystal lattice parameters are: a = 3.11 Å, c = 4.98 Å, yielding a relaxed c/a ratio of 1.6 [2] . There is a considerable ionic component in AlN bonding because of * E-mail: stefan_ ta@yahoo.com electronegativities (1.6 and 3.0) of Al and N atoms. The atomic radii are 1.25 Å for Al and 0.70 Å for N [3] . One aluminum atom is surrounded by four nitrogen atoms, making up a distorted tetrahedron with three bonds and one bond in the direction of the c-axis [4] . The electronegativities of Al and N are very different: 1.6 and 3.0, respectively, and so there is a significant ionic component to the bonding in AlN. Other properties of AlN are: direct band gap (6.2 eV), thermal conductivity (285 W·m −1 ·K −1 ), coefficient of thermal expansion (4 to 5 × 10 −6 K −1 ), refractive index (1.8 to 2.2) and dielectric constant (8.5) [4] .
Prominent features of aluminum nitride make this material one of the most desirable in modern electronics. It is characterized by interesting tribological [5] properties, high value of hardness and high thermal conductivity, moderate piezoelectricity, low dielectric and acoustic losses [6] , high resistance to temperature and stability in corrosive medium [7] , good heat dissipation [8], high dielectric constant, moderately high electromechanical coupling coefficient [9] , low coefficient of thermal expansion [4] , high elastic stiffness [2] , non-toxicity [10], electrical reliability [11] , light weight [12] , high fusion temperature [13] , high refractive index, transparence in visible light [14] . All these characteristics in combination with large optical band gap make AlN suitable for applications in high power and high frequency devices, surface acoustic wave filters, insulating [7] , passivating, cladding layers [15] and optical devices (blue light emitting diodes, short wavelength lasers, ultraviolet light detectors [16] , compact disks, laser diodes, phase shift lithography masks, AlN/GaN multilayer devices [17] , for growth of GaN layers on Al 2 O 3 and on 6H-SiC, which are also of interest as perspective materials), electroluminescent applications over a wide wavelength range [18] , acoustic-optic devices.
Oxidized AlN can substitute traditional passivating films, such as silicon nitride and silicon oxide, at p-type solar cells [13] , selective detectors [19] , field emitters for flat panel displays, highspeed transistors [20] . As noted Auger et al. [7] , it can be applied as an intermediate buffer layer for optical and electronic devices and for further fabrication of heterostructures.
AlN thin films can be applied for metaloxide-semiconductor field-effect transistor [21] , CMOS technologies, microelectromechnical and microoptomechanical systems fabrication [22, 23] , electronic packaging, waveguides, sensors [24] , electro-acoustic applications (microactuators, filters, resonators, acoustic modulators, surface acoustic wave devices) [6, 11, 25] . There are a lot of methods for thin films fabrication, such as pulsed laser deposition, reactive molecular beam epitaxy, vacuum arc/cathodic arc deposition, DC/RF reactive sputtering, ion beam sputtering, metal-organic chemical vapor deposition etc. [26] .
The way of AlN formation is determined by subsequent applications. Magnetron sputtering is one of physical thin film deposition techniques and is characterized by low-temperature deposition, ease of synthesis, low cost, nontoxicity, good quality films with a fairly smooth surface [4] . Magnetron sputtering is employed in thin films production for different applications in microelectronics, partially integrated circuits and in optoelectronics. By changing of process parameters (bias-voltage, substrate temperature, gas mixture, pressure, sputter current, applied voltage [27]) it is possible to control the film microstructure and its mechanical, optical, and electrical properties [28] . This method allows processing the substrate and film surfaces, such as etching, deposition, annealing, and ion implantation [29] . By magnetron sputtering it is possible to fabricate hard, wear-resistant, low friction, corrosion resistant, decorative coatings and coatings with specific optical, or electrical properties [30] , thin film sensors, photovoltaic thin films (solar cells), metal cantilevers and interconnects [31] . The critical factor of piezoelectric AlN thin film is its crystal orientation and morphology [4] .
Low-cost AlN-on-silicon photonic circuits are excellent substitutes for complementary metaloxide-semiconductor-compatible photonic circuits for building new functional optomechanical devices that are free from carrier effects [9] .
The studies of AlN thin film could be divided into the investigations which emphasize chemical and physical properties (mechanical, electrical, magnetic) [6, 9, 17, 21, 22] , analysis of the films structure [4, 7, 12, 15, 16, 19, [23] [24] [25] 32] and combined, showing the dependences of the properties on the films morphology [2, 11, 13, 14, 26, [33] [34] [35] . The structure of the thin films can utterly differ from the structure of bulk material and have different structural perfection.
The surface features, such as defect concentration, are very important in the case of thin films. Some properties of thin films strongly depend on the structure. The study was carried out on the applicability of statistical parameters for aluminum nitride thin films characterization. This analysis represents instructive information for thin films manufacturing and processing.
Materials and methods

Materials
The processes used for aluminum nitride formation by magnetron sputtering include dry etching, ion implantation of the substrate and sputtering of the target. We used magnetron sputtering of aluminum target for thin films fabrication since this method is compatible to semiconductor processes. The foundation of this method is sputtering of target material (high-purity aluminum) by ions of working gas in plasma of glow discharge. Argon (Ar 2 ) was used for target sputtering. Plasma occurs in vacuum after applying high voltage between cathode-target and anode and acts as a conducting medium. The essential constituents of the process are cathode, anode and magnetic system for plasma confinement near the cathode surface. High sputtering rate and accuracy of the composite recurrence are the advantages of magnetron sputtering. The pressure in the working chamber was 3 to 7 × 10 −2 Pa, current density of discharge 5 to 7 × 10 A/m 2 . These parameters define the rate of condensation which consequently influences the structure of the films. The films can be obtained by sputtering of polycrystalline aluminum nitride target, but it is possible to control thin films structure by gas composition in the chamber. The nitrogen gas was used for creation of work ambience and to accomplish nitrogen incorporation in AlN fabrication. Magnetron sputtering device allows fabrication of materials with good stoichiometry. This method was described by Dallaeva et al. [36] . Aluminum nitride films were deposited on sapphire substrates (Al 2 O 3 ) at different substrate temperatures. Monocrystalline sapphire is one of the hardest oxides, with high hardness at high temperatures, good thermo-physical properties and it is optically transparent in the visible light to near-infrared region [36] .
The substrates were cleaned by dry etching in order to remove the traces of polishing and then the nitridization of near surface area was carried out. This helped to create the buffer layer between Al 2 O 3 and AlN. The substrate temperature has a strong impact on the growth behavior [27] and morphology of the films. The temperature of the substrate is a very important parameter because its changing causes a change in energetic barrier near the substrate surface. In addition, it influences the character of film growth: sizes of nucleolus and rate of nucleation.
We obtained the films at three temperatures (1000 K, 1300 K and 1500 K) of the substrate. The film becomes smooth at low width and it consists of large number of small nuclei. These islands are three-dimensional (3-D) and they have noticeable sizes in the normal direction to growth plane [37] .
Methods
The films have been characterized by atomic force microscopy (AFM) and scanning electron microscopy (SEM) in order to describe the 3-D growth character of thin films and to investigate their surface morphology. 3-D surface roughness of the epilayers was investigated by atomic force microscope Ntegra Prima (NT-MDT, Russian Federation) in semi-contact mode.
Cantilevers, model NSG01 DLC (AFM "Golden" Silicon Probes) [38] with the following nominal specifications: resonant frequency 150 kHz, force constant 5.1 N/m, length 125 µm, width 30 µm and thickness 2 µm, were used. The tip specifications were as follows: tetrahedral shape, height 14 µm, curvature radius 6 nm, and cone angle at the apex 7°to 10° [38] .
All measurements were performed in the same room, at room temperature (298 ± 1 K) and (50 ± 1 %) relative humidity. The measurements were repeated four times for each sample on different reference areas, to validate the reproducibility of these features.
Surface characterization using quantitative parameters
The 3-D surface characteristics are highly complex and their understanding plays a determinant role in recognizing physico-chemical interactions and interfacial properties at the nanometer range, involved in manufacturing process [39] [40] [41] . Surface texture is the repetitive or random deviation from the nominal surface that forms the 3-D topography of the surface and includes: roughness (nano-and microroughness); waviness (macroroughness); lay and flaws [39] .
The 3-D surface roughness of thin films can be described using the classical descriptive approach [42] [43] [44] [45] [46] [47] . Detailed surface characterization of the thin films was obtained using six quantitative parameters (height, functional, spatial, hybrid, functional (volume) and feature parameters), according to ISO 25178-2:2012 [48, 49].
Statistical analysis
Statistical analyses were performed using the GraphPad InStat version 3.20 computer software package (GraphPad, San Diego, CA, USA) [50] . The Kolmogorov-Smirnov test was used to assess the normal distribution of quantitative variables. Comparisons among different areas within the same sample were performed using independent samples T-test. When statistical significance was found, the difference between two groups was further compared using the Mann-Whitney U test. Differences with a P value of 0.05 or less were considered statistically significant.
Results
The representative two-dimensional (2-D) microtopographic images of AlN layers on the sapphire substrate obtained at 1000 K, 1300 K and 1500 K, for a scanning square area of 5 µm × 5 µm, are shown in Fig. 1 .
As known, there are several possible structures of AlN crystals: granular, worm-like, and a columnar surface of grains [23] . In our case of cleaned and nitridized sapphire substrate, the columnar structure has been expected. It has been expected that the grains are oriented along the growth direction [34] .
The heterostucture of (0001)AlN /(0001)Al 2 O 3 was studied by scanning electron microscopy (SEM) with the SEM system (FEI Quanta 200). This measurement showed the occurrence of AlN film on the Al 2 O 3 substrate. In the cross-sectional image (Fig. 2) there are crystalline columnar grains of AlN. Their tops are flat. The graphical study of volume parameters (surface): Vmp, Vvc, Vmc and Vvv based upon the Abbott curve calculated on the surface associated with Fig. 1 , is shown in Fig. 3 .
The curve of material share provides important information about the condition of the surface in terms of its operational suitability. It is known that for the optimal functionality of the surface, it is required to be progressive or progressive-regressive.
The graphical study of Sk parameters associated with Fig. 1 is shown in Fig. 4 .
The peak count histograms associated with Lateral force mode of AFM provides edgeprecision scanning of the surface for feature emphasis. Fig. 7 allows visual estimation of the surface appearance (small regular lines are the scanning artefacts as no filter was applied in order to observe the real objects shape).
A summary of the statistical parameters results is presented in Table 1 . ical study of volume parameters: Vmp, Vvc, Vmc and Vvv (right side) based upon the Abbott curve calculated on the surface. Two bearing ratio thresholds are defined (using the vertical bars that are drawn with dotted lines). By default, these thresholds are set at bearing ratios of 10 % and 80 %. The first threshold, p1 (default: 10 %), is used to define the cut level c1 (and p2 defines c2, respectively). AlN epilayers on sapphire substrates obtained at: (a) 1000 K, (b) 1300 K and (c) 1500 K.
Discussion
Atomic force microscopy, scanning electron microscopy and descriptive analysis have been employed to characterize the films morphology of aluminum nitride (AlN) epilayers prepared by magnetron sputtering on the sapphire substrates.
While the AFM measurements (Fig. 1) provide a surface appearance and a foundation for further mathematical processing, the SEM image (Fig. 2) shows the inner structure corresponding to AlN growth in cross-section. Different nano-asperities with a specific height probability distribution and asperity curvature for different asperity sizes are distributed over the 3-D surface of all the samples. The results show that there is an interdependence between the temperature of a substrate during deposition process and film morphology. Also, there is a connection between 3-D surface roughness parameters and the film texture (Table 1) since the texture could be considered as a measure of surface roughness [51] .
The results shown in Fig. 3 and 4 and from physical point of view, it means the homogenization of grain growth. Reduced peak height to core ratio (Spk/Sk), according to the data of Fig. 4 , shows increasing of texture amplitude symmetry.
The peak count histograms (Fig. 5) show alongside with decreasing of topography heights (x-axis), the wider peaks distribution, which means that the surface features become more comparable (y-axis) in size at the highest substrate temperature.
The results show the decreasing of correlation length, caused by reduction of characteristic distance, where the correlated bonds are lost between the topography features (Fig. 6) . For the higher substrate temperature during the deposition process, the film is represented by well textured areas. The same results have been obtained by Guerrero and García [25] who obtained the AlN layers by chemical vapor deposition and noted that the surface morphology became smooth with increasing of deposition temperature.
On the other hand, adhesion strength of particles and substrate depends on temperature. Increasing of temperature by heating the substrate increases the interaction at the interface at the nearsurface area.
It can be noted a strong dependence between the energetic parameters of the film growth (nucleation) and the morphology of the prepared films.
The statistical parameters of 3-D surface roughness analysis also show that the statistical description of the films is in agreement with the data obtained by Dallaeva et al. [36] .
Conclusions
The statistical parameters of 3-D surface roughness have been used for the functional performance prediction and quality control of aluminum nitride (AlN) epilayers prepared by magnetron sputtering on the sapphire substrates. These results are also important for understanding the nanoscale phenomena at the contact between rough surfaces, such as the contact area, the interfacial separation, and the adhesive and frictional properties.
